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Phased secondary small interfering RNAs (phasiRNAs) constitute a major category of small RNAs in plants, but most of their
functions are still poorly defined. Some phasiRNAs, known as trans-acting siRNAs, are known to target complementary
mRNAs for degradation and to function in development. However, the targets or biological roles of other phasiRNAs remain
speculative. New insights into phasiRNA biogenesis, their conservation, and their variation across the flowering plants
continue to emerge due to the increased availability of plant genomic sequences, deeper and more sophisticated sequencing
approaches, and improvements in computational biology and biochemical/molecular/genetic analyses. In this review, we
survey recent progress in phasiRNA biology, with a particular focus on two classes associated with male reproduction: 21-
nucleotide (accumulate early in anther ontogeny) and 24-nucloetide (produced in somatic cells during meiosis) phasiRNAs.
We describe phasiRNA biogenesis, function, and evolution and define the unanswered questions that represent topics for

future research.

INTRODUCTION

Small RNAs (sRNAs) play central roles in regulating many plant
developmental and physiological processes. These activities typ-
ically occur via transcriptional gene silencing or posttranscriptional
gene silencing (PTGS; Borges and Martienssen, 2015). Among the
classes of sSRNAs, microRNAs (miRNAs) are the best studied and
are relevant here because they trigger phased secondary small
interfering RNA (phasiRNA) production. Typically, plant miRNAs are
generated from a noncoding product of RNA Polymerase Il (Pol II)
that forms a stem-loop secondary structure; the stem-loop is
recognized and processed by the RNase lll enzyme DICER-LIKE1
(DCL1; Rogers and Chen, 2013; Bologna and Voinnet, 2014). After
sequential cleavage steps by DCL1 (Bologna et al., 2009; Zhang
et al., 2017), a duplex RNA of ~21 nucleotides is released, con-
taining the mature miRNA and the complementary strand called
miRNA* (pronounced miRNA-star). The mature miRNA is then in-
corporated into an ARGONAUTE protein, typically ARGONAUTE1
(AGO1), to form an RNA-induced silencing complex (RISC) that
activates the function of the miRNA in PTGS, thereby guiding the
silencing of target mRNAs via complementary nucleotide base
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pairing between the miRNA and its mRNA “target” site (Henderson
et al., 2006; Bologna and Voinnet, 2014; Borges and Martienssen,
2015). The miRNA* is the unneeded complement or “passenger”
strand that is typically degraded. In cases when the stem-loop
precursor includes an asymmetric bulge within the paired miRNA-
miRNA* region, DCL1 cleavage will generate a 22-nucleotide/21-
nucleotide duplex. The AGO1 RISC loaded with the 22-nucleotide
miRNA can trigger the biogenesis of secondary small interfering
RNAs (siRNAs) that have a distinctive, phased configuration.
Specifically, cleavage generates regularly spaced siRNAs (see
below), which is evident when these siRNAs are mapped back to
a precursor transcript. These siRNAs are phasiRNAs, and the loci
that generate them are known as PHAS loci. The PHAS precursor
RNAs may be protein-coding mRNAs or long, noncoding RNA
(IncRNAs); IncRNAs are generally recognized as RNAs lacking an
openreading frame encoding a protein of at least 100 amino acids.
The 21-nucleotide secondary siRNAs (i.e., phasiRNAs) negatively
regulate target transcripts, such as during plant development
(Chen et al., 2010; Cuperus et al., 2010a).

Plant PHAS loci can be subdivided into two major groups based
on their genomic source: PHAS loci found within noncoding regions
that produce IncRNAs, and those located within protein-coding
genes (Fei et al., 2013). A subset of the first group of PHAS loci, the
TAS loci, encode IncRNAs that generate trans-acting siRNAs (ta-
siRNAs); these loci were described ~15 years ago in Arabidopsis
(Arabidopsis thaliana). The name tasiRNAs was derived from the
experimentally validated activity of these phasiRNAs to silence
transcripts from other loci (Fei et al., 2013). The 21-nucleotide
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tasiRNAs derived from TAS loci negatively regulate their target
transcripts, triggering their selective degradation (Chen et al., 2010;
Cuperusetal.,2010a). There are still fewerthan 10 known TAS locior
families of loci, making it the smallest family of known PHAS loci.
More recently, another subclass of reproductive phasiRNAs was
discovered that is also derived from IncRNAs. The targets of the
reproductive phasiRNAs are unknown, but they appear to be in-
volvedinreproductive development (e.g., they are highly enriched in
anther tissue) and in some cases have been shown to be essential
for male fertility (Johnson et al., 2009; Zhai et al., 2015; Fei et al.,
20164a; Xia et al., 2019).

PHAS loci within protein-coding genes encode a much larger
subgroup of phasiRNAs. These PHAS loci include nucleotide
binding leucine-rich repeat (NLR) genes (Zhaietal.,2011; Feietal.,
2015; Xia et al., 2015a), arguably the largest subgroup when data
are compared across many plant genomes, as well as PENTA-
TRICOPEPTIDE REPEAT (PPR) genes (Howell et al., 2007; Xia
etal., 2013, 2015b), MYB transcription factor (TF) genes (Xia et al.,
2013,2015a), AUXIN RESPONSE FACTOR (ARF) genes (Xiaetal.,
2013,2017),and NAC TF genes (Liuetal.,2017; Xieetal.,2017; Ma
et al., 2018), among a long list of diverse genes yielding pha-
siRNAs. These loci, and thus presumably the resulting phasiRNAs,
function as negative regulators in many biological processes,
such as disease resistance, plant vegetative and reproductive
development, seed germination, and plant parasitism (Marin et al.,
2010; Yifhar et al., 2012; Zhou, 2013; Cabrera et al., 2016; Ho-
becker et al., 2017; Guo, 2018; Shahid et al., 2018).

We reviewed phasiRNAs in 2013 (Fei et al., 2013), focusing on
protein-coding genes, and in particular on genes encoding NLR
proteins. Here, we update what is known about phasiRNAs, fo-
cusing on those derived from IncRNAs, with the majority of new
information concerning the reproductive phasiRNAs. We describe
recent progress in understanding phasiRNA biogenesis, evolu-
tion, mobility, and function.

BIOGENESIS OF phasiRNAs

The biogenesis of phasiRNAs occurs after cleavage of the target
mRNA or IncRNAs, typically (but not exclusively) by a 22-nucleotide
miRNA. After cleavage, the 5’ fragment of the target mRNA is rapidly
degraded by a 3'—5’ exonucleolytic complex (e.g., the SKI2-3-8
complex; Figure 1A; Branscheid et al., 2015). The 3’ fragment is
converted to double-stranded RNA (dsRNA) via the activity of RNA-
DEPENDENT RNA POLYMERASE6 (RDR6), which may be re-
cruited by AGO1-RISC or AGO7-RISC and assisted by SUP-
PRESSOR OF GENE SILENCING3 (SGS3), which in turn may
prevent the degradation of the 3’ fragment from a 5'—3’ exori-
bonuclease (e.g., XRN4; Souret et al., 2004). The resulting dsRNA is
iteratively cleaved by a Dicer protein fromthe 5’ end of the “top” (Pol
Il-derived) strand containing the cleavage site, yielding duplexes of
phasiRNAs (Figure 1A). There are likely at least three different Dicer
family members capable of producing phasiRNAs, as described in
detail below. The function of the Dicer family member DCL4 requires
the assistance of a DOUBLE-STRANDED RNA BINDING FACTOR
(DRB) protein to produce 21-nucleotide phasiRNAs (Vazquez et al.,
2004; Adenot et al., 2006; Fukudome et al., 2011; Song et al., 2012).
Similar to miRNA duplexes, tasiRNA duplexes are sorted during
loading into AGO proteins via a process known to be dependent on

the 5’ nucleotide (Mi et al., 2008), but this process is otherwise not
well described. The tasiRNA-containing RISC subsequently inter-
acts with target RNAs in a homology-dependent manner, as with
miRNAs. The production of RISCs loaded with other phasiRNAs, like
the reproductive phasiRNAs described below, presumably follows
a similar process. Interestingly, only some of the phasiRNAs pro-
duced from a precursor accumulate and are detectable; the rest of
the phasiRNAs are likely degraded or not even loaded in AGO in the
first place, which is common for phasiRNAs other than tasiRNAs.

PhasiRNA Production Triggered by One versus Two “Hits”

The critical first steps in initiating phasiBRNA production require (1)
cleavage of the precursor RNA with single-nucleotide precision to
define the 5’ end and phasing “register,” and (2) a mechanism to
make the cleaved RNA double stranded and thus a substrate for
Dicer processing. In most cases, (1) results from miRNA activity
and (2) results from RDR6 activity. Yet, as is often the case with
biology, evolution has demonstrated that these are not inviolable
rules, as exceptions exist to almost every mechanistic general-
ization about phasiRNA biogenesis.

The pathway for phasiRNA production likely originated early in
plant evolution, as analyses of phasiRNAs have demonstrated that
the TASS3 (tasiRNA) locus is present in one of the earliest diverged
land plants, a liverwort (Marchantia polymorpha), and phasiRNA-
generating loci (including TAS3) are found in all angiosperm ge-
nomes analyzed to date (Xia et al., 2017). While TAS3 has distinct
attributes, understanding this locus is essential, since it may well
be the progenitor of all plant PHAS loci.

tasiRNA production from most TAS3 loci is described by the two-
hit model. This model proposes that the 21-nucleotide miRNA
trigger, miR390, is loaded into its specialized protein partner AGO7
and targets or “hits” the TAS3 IncRNA precursor at two different
positions to trigger tasiRNA biogenesis (Axtell et al., 2006; Mont-
gomery et al., 2008; Endo et al., 2013). Just one or two of the re-
sulting tasiRNAs, the tasiARFs, target transcripts from AUXIN
RESPONSIVE FACTOR (ARF) genes to suppress ARF activity
(Axtell et al., 2006; Montgomery et al., 2008). There are two types of
TASS lociin vascular plants, the longer and shorter variants (TAS3L
and TAS3S, respectively), but the difference in the biological roles of
these two types of loci is unclear (Xia et al., 2017). Typically, the 5’
proximal miR390 target site is not cleaved but is required (Cuperus
etal.,2010b), while the 3’ proximal target site is cleaved, suggesting
that a pair of miR390-loaded RISCs may be important, perhaps for
recruiting RDR6. The miR390:TAS3 pairing and cleavage patterns
are generally conserved across thousands of plant species (Xia
et al., 2017). The cleavage occurring only at the 3’ proximal target
site triggers tasiRNA biogenesis from that end, with processing
occurring in the 3’—5’ direction. Yet, there is rich diversity in TAS3
configurations: in numerous gymnosperms (for TAS3L) and eudi-
cots (for TAS3S), the 5’ miR390 target sites are cleavable, likely
generating tasiARFsinthe 5'—3' direction, which is consistent with
a bidirectional processing mechanism not found in Arabidopsis (Xia
et al., 2017). This notion was validated in work using artificial TAS
constructs; with cleavage at both ends, the phasing of the sRNAs
was poor, due to out-of-phase superposition of tasiRNAs initiated
from each of the two ends (de Felippes et al., 2017). The canonical
configuration of TAS3 may provide insight into the mechanism of
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